The targeted knockout of the c-myc gene from rat ®broblasts leads to a stable defect in cell proliferation. We used complex cDNA libraries expressed from retroviral vectors and an ecient sorting procedure to rapidly select for cDNAs that can restore the growth rate of c-myc de®cient cells. All of the biologically active cDNAs contained either c-myc or N-myc, suggesting that no other cellular genes can eectively bypass the requirement for c-myc in ®broblast proliferation. This approach provides a powerful screening method for cell cycle changes in genetically de®ned systems. Oncogene (2000) 19, 4828 ± 4831.
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Results and discussion
Members of the myc family of oncogenes have been implicated in cell proliferation, apoptosis and genomic instability, and expression of these genes is deregulated in approximately 30% of human cancers (Henriksson and Luscher, 1996) . The direct involvement of c-myc in tumor development is most convincingly demonstrated by carcinoma or lymphoma formation in transgenic mice with targeted overexpression of c-myc in selected cell types (Adams and Cory, 1992) . The most common lesion aecting myc genes in human tumors is gene ampli®cation (reviewed in Nesbit et al., 1999) , which can range from hundreds of copies to as little as a single gene duplication (Corvi et al., 1995) . The latter observations suggest that even subtle changes in the level of Myc expression can contribute to the outgrowth of cancer cells. The c-myc gene falls within the class of immediate early serum response genes expressed in the G1-S transition, and the induction of c-myc is sucient to promote entry into the cell cycle in quiescent rodent ®broblasts (Evan and Littlewood, 1993) . Further evidence for the profound in¯uence of c-myc levels on cell proliferation comes from genomic knockouts where loss of all myc function leads to a dramatic decrease in the growth rate of tissues or ®broblasts in culture due to abnormal elongation of the G1/G0 and G2/M stages of the cell cycle (Davis et al., 1993; Mateyak et al., 1997) . Even cells that are haploid for c-myc have a detectable growth defect (Shichiri et al., 1993) , suggesting that c-myc levels may be rate limiting for progression through the normal cell cycle.
Although Myc proteins participate in a wide range of cellular processes, the exact mode of their action still remains unclear. The simplest model of myc activity suggests that it is a transcription factor regulating expression of crucial genes involved in cell proliferation. Indeed, the c-Myc protein contains an N-terminal transcription activation domain and a C-terminal helix ± loop ± helix/leucine zipper domain and both domains are essential for all Myc-mediated activities (reviewed in Facchini and Penn, 1998) . Direct binding of Myc/Max complexes to CACGTG sites in cellular targets is invariably associated with the activation of transcription in Myc-responsive genes (reviewed in Dang et al., 1999) , although often by only a modest amount. c-Myc can also repress gene expression but the mechanism of repression is still unresolved. Several attempts have been made to identify Myc-responsive genes, including (i) dierential screening, (ii) searches for genes whose promoters contain Myc-binding motifs, and (iii) analysis of DNA immunoprecipitated with Myc-speci®c antibodies (reviewed in Dang, 1999) . A number of genes have been suggested as c-Myc target genes using these approaches, however the activities of c-Myc have not been attributed to the transcriptional regulation of a particular gene or group of genes.
The loss of c-Myc activity leads to a remarkably stable prolongation of the cell cycle, from 18 h in rat ®broblast cell lines to 50 h in diploid cell lines in which both c-myc genes are disrupted by homologous recombination (Mateyak et al., 1997) . No fast growing variants of these cells have been identi®ed in over 2 years of continuous culture, despite the fact that the endogenous (but transcriptionally silent) N-myc and Lmyc genes remain intact and presumably could be spontaneously activated to enhance growth. In the present study, we searched for genes which were able to mimic c-Myc function in promoting cell proliferation. If such genes exist, ectopic overexpression might be expected to rescue the growth defect in c-myc null ®broblasts. To this end, two cDNA expression libraries from highly proliferative myc-expressing cells were separately transduced into c-myc null rat ®broblasts via retroviral infection. The ®rst library was obtained from human placenta (Clontech) and the second library was prepared from the mouse B-lymphocyte cell line D2N (Petrenko et al., 1999) . To monitor the rate of cell division following retroviral infection, cells were pulse labeled with a¯uorescent dye (carboxyuorescein diacetate succinilmidyl ester (CFSE) (Weston and Parish, 1990) which irreversibly binds to cellular macromolecules. During cell proliferation, the amount of dye bound to each cell is diluted proportional to the number of divisions, thus allowing us to monitor cell proliferation by quantitative analysis of the dye per cell ratio performed by¯uorescence activated cell sorter (FACS). The typical FACS pro®les of slow-growing cells (c-myc null HO15.19 cells infected with vector alone; HO/vector) and fast growing cells (c-myc null cells transduced with a cmyc retrovirus, HO/myc) are shown in Figure 1a . The staining of HO/myc cells was equivalent to that of the parental c-myc diploid TGR cell line (data not shown), which is consistent with the observation that reconstitution of c-myc expression with a retroviral vector does not accelerate the growth rate (Mateyak et al., 1997) . HO cells infected with either of the libraries had staining pro®les similar to that of HO cells infected with vector alone (Figure 1a) . This was expected, since the abundance of any growth promoting cDNA is likely to be quite low. To select for fast growing cells, cells with the lowest staining intensities (approximately 1 ± 2% of the total call population) were sorted and reexpanded for several days in culture. These cell populations were subsequently subjected to a second sorting procedure (Figure 1b,c) . With the B cell-derived library (Figure 1b) , a large fraction of the cells were fast growing after the ®rst sort and all cells were fast growing after the second sort. With the placentaderived library, a small shoulder of fast growing cells is visible in the FACS pro®le after the ®rst sort ( Figure  1c ) and all cells are fast growing after the second sort. Thus, cells with low¯uorescent staining (fast growing cells) can be enriched in the course of two rounds of FACS selection from populations infected with either of the retroviral libraries. Even though 1 ± 2% of the cells from the control vector infected population can be sorted with an apparent low¯uorescence, expansion and resorting of these cells does not change their staining pro®les, which remain equivalent to the slow growing HO line (data not shown). The latter result is consistent with the observation that fast growing cells have not emerged spontaneously during continuous passage of the c-myc null cells.
The sorting procedure was repeated until the growth rate of HO cells infected with either library (determined by FACS) became similar to that of HO cells infected with a c-myc cDNA. After the selection, half of each cell population was plated sparsely to isolate individual clones, while the other half was subjected to DNA isolation. The DNA from the polyclonal population was used for PCR reactions with primers corresponding to sequences¯anking the inserts in the retroviral vectors. Several PCR products are enriched in the reactions with DNA obtained from cells infected with human placenta library, whereas only two PCR products appeared to be enriched using DNA infected with the mouse B-cell library (Figure 2a,b) . All PCR products were cloned into the retrovial vector, sequenced and individually transduced into HO15.19 cells as a test for growth promoting activity. A signi®cant decrease in doubling time was observed only in cells infected with retroviral vectors containing the PCR product with highest molecular weight from the human placental library and with both PCR product obtained from the B-cell library (data not shown). Sequence analysis showed that all of these PCR products corresponded to the c-myc cDNA, readily accounting for their growth promoting activity. Thus the other PCR products obtained from cells infected with the human placental cDNA library most likely derive from cells which were infected with at least two dierent retroviruses, one of which contained a myc cDNA. Sequence analysis of the small PCR products that emerged during the sorting indicates that these are abundant cDNAs in the placental library and, as mentioned above, none had detectable growth promoting activity when analysed individually.
We were concerned that the obvious eciency with which a c-myc cDNA is expected to restore the cell growth defect in the c-myc null cells might overwhelm any minor non c-myc species in the PCR reactions. Therefore, we individually analysed the DNA from over 50 isolated clones derived from the sorted cell populations. A PCR reaction with vector ± speci®c primers followed by sequence analysis demonstrated that all clones derived from the B-cell library contained retroviruses with c-myc cDNA inserts (Figure 2c ). In contrast, only about 75% of clones obtained from infections with the human placental library contained c-myc cDNA (Figure 2d ), while DNA from the other clones gave raise to no PCR products or to small PCR products which did not demonstrate any biological activity when cloned and assayed (see above). To analyse DNA from the`no c-myc' clones, we repeated the PCR reactions with primers speci®c to the human N-myc and L-myc cDNAs. All of the non-c-myc clones yielded speci®c PCR products of an expected size for N-myc (250 bp; Figure 2e ), suggesting that the lack of a PCR product in the ®rst analysis may have been due to a technical diculty in amplifying the cDNA of the N-myc gene with the¯anking vector primers. To verify that the N-myc PCR positive clones express a corresponding mRNA, total RNA isolated from these cells was probed by Northern blot (Figure 2f ). mRNA bands of the size expected for N-myc cDNAs expressed from the retroviral vector (*5 kb) were detected in all cases, demonstrating that these clones were sorted from the cells infected with corresponding cDNA and that they did not arise from spontaneous activation of the endogenous N-myc gene. We did not obtain cDNA clones from the L-myc gene, which has a more restricted expression pattern in most tissues. No Lmyc cDNAs are likely to be present in the B-cell library (Zimmerman et al., 1996) , and only two L-myc ESTs were found in 33 746 clones from a normalized placental library (library no. 167; Cancer Genome Anatomy Project database; National Cancer Institute).
In the present study we describe a selection for genes which are able to reconstitute the cell cycle defect induced by the c-myc gene knockout in Rat1 ®broblasts. The combination of a highly ecient retroviral delivery/expression system with cell sorting techniques allowed the selection of fast growing cell 6 clones from human placenta) and the fact that the level of myc mRNA is relatively low even in highly proliferative tissues, this methodology oers a very powerful selection for speci®c gene function. As an estimate of the abundance of c-myc and N-myc cDNAs expected in the placental library, we searched an EST database from a non-normalize cDNA library (library no. 199, Cancer Genome Anatomy Project database, National Cancer Institute) prepared from 8 ± 9 week placental mRNA. There are two c-myc and three Nmyc cDNAs out of 15 433 sequences, which is comparable to their representation in most other libraries. This implies that two rounds of sorting is capable of a 10 3 ± 10 4 -fold enrichment of biologically active cDNAs.
It is quite noteworthy that no cDNAs other than those of myc genes were detected during selection for the restoration of myc function in ®broblasts. This can be due to the following reasons: (i) the putative cDNA may be under-represented in the library, (ii) its expression may result only in partial reconstitution of the growth defect of myc ± null cells, and ®nally Myc may exert its growth-promoting functions via repression of gene expression, rather than or in addition to gene activation (Penn et al., 1990; Li et al., 1994) . Alternatively, our ®ndings imply that there may be no other single cellular gene which is able to substitute for c-myc function in cell proliferation. Indeed, none of the previously reported Myc target genes were detected in this functional assay, even though genes such as cdc25a and cdk4 have been reported to have signi®cant eects on cell proliferation (Galaktionov et al., 1996; Hermeking et al., 2000) . In the context of a gene transactivation model, a function for myc at a critical nodal point aecting two or more pathways would not be readily complemented by the transduction of single cDNAs.
It is important to consider several issues that will be addressed in future experiments. One is that preparation of a library which has been depleted of myc cDNAs may improve the chances of identifying cDNA(s) whose expression results in an incomplete phenotypic rescue. Alternatively, it may be possible to partially rescue myc function by transducing speci®c genes that aect cell physiology without restoring a rapid growth rate, and these cells may then be sensitive to rescue by complementing a separate downstream pathway. The relative simplicity and eciency of the techniques introduced in this study make such experiments both feasible and attractive.
